Dyes and Pigments 219 (2023) 111610

ELSEVIER

Contents lists available at ScienceDirect
Dyes and Pigments

journal homepage: www.elsevier.com/locate/dyepig

s
L and
PIGMENTS

)

Chromogenic azomacrocycles with imidazole residue: Structure

VS. properties

Blazej Galiriski ?, Jarostaw Chojnacki”, Katarzyna Szwarc-Karabyka ¢, Adrian Matkowski
Diana Sopel ', Agnieszka Zwolinska *', Ewa Wagner-Wysiecka

a,1
)

a,d,*

& Department of Chemistry and Technology of Functional Materials, Faculty of Chemistry, Gdansk University of Technology, Narutowicza Street 11/12, 80-233, Gdarsk,

Poland

Y Department of Inorganic Chemistry, Faculty of Chemistry, Gdarisk University of Technology, Narutowicza Street 11/12, 80-233, Gdansk, Poland
¢ Nuclear Magnetic Resonance Laboratory, Faculty of Chemistry, Gdarisk University of Technology, Narutowicza Street 11/12, 80-233, Gdansk, Poland
d Advanced Materials Center, Faculty of Chemistry, Gdansk University of Technology, Narutowicza Street 11/12, 80-233, Gdarisk, Poland

ARTICLE INFO ABSTRACT

Keywords:
Azocompound
X-ray analysis
Colorimetric sensor
Porous glass
Smartphone

New diazo macrocycles linked by hydrocarbon chain bearing imidazole or 4-methylimidazole residue have been
synthetized with satisfactory yield (24-55%). The structure of macrocycles was confirmed by X-ray analysis and
spectroscopic methods (*H NMR, MS, FTIR). Metal cation complexation studies were carried out in acetonitrile
and acetonitrile-water system. It was found that azomacrocyles form triple-decker complexes with lead(I). The
highest values of stability constant were found for lead(II) complexes of 21-membered derivatives. For the first

time azomacrocycles bearing imidazole residue were immobilized on a porous glass. Obtained materials can act
as lead(II) or copper(II) colorimetric optical sensors with color digital analysis as detection using simple portable

devices.

1. Introduction

The presence of harmful compounds including heavy metals in food,
such as fish, vegetables and fruit, associated with increasing environ-
mental pollution is an ever-growing global problem [1-3]. Water is an
essential nutrient and the most important solvent for living organisms.
Its availability is decreasing and its pollution is increasing [4]. Pollution
of water, soil [5-8] and air [9-12], causes accumulation of hazardous
metals in aqueous systems [13], and animal [14] and plant organisms
[15]. Consumption of contaminated food is associated with frequent
poisoning as well as dangerous diseases caused by the accumulation of
heavy metals in the human body [16-21]. Some heavy metals such as
chromium, manganese, nickel, zinc, iron or copper are key elements
necessary for the proper functioning of the human body, however, also
their elevated levels are dangerous for health and life [22,23]. On the
other hand, heavy metals such as lead, cadmium, mercury or arsenic
pose a serious ecological threat and are toxic to living organisms and
their accumulation may result in kidney dysfunction, brain tumors and
metabolic disorders [24]. Early and rapid detection of elevated levels of

heavy metals and other harmful compounds in biological and environ-
mental samples is of great importance and crucial in maintaining health
[25]. Valuable analytical tools which can be used for this purpose are
optical sensors which serve fast and reliable detection/determination of
analytes of different nature [26-33]. Constantly popular are chemical
optical sensors, including optodes, due to their simplicity and possibility
of non-instrumental detection, i.e. detection and determination with the
naked eye, as well as low hardware requirements [34-37]. Receptor
layers of optical sensors are characterized by relatively high sensitivity
and selectivity, relatively simple and low cost preparation and relatively
fast response time [38-41]. Optical sensors allow determination of many
chemical species of different properties and chemical nature, depending
on the receptor layers used. Among various solutions of preparation of
optical sensor layers porous glasses can be used for the immobilization
chromo(fluoro)ionophores. Comparing, for example polymeric matrix
often used in classical optodes, such materials offer the photochemical
and thermal stability, which is limited by the duration of the chro-
moionophore and the rest of the components (plasticizer, ionic additives
etc.) of the layer [42]. Among the others, colorimetric and fluorescent
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pH sensors using covalently immobilized pH indicators onto porous
glasses were obtained [43-46]. Porous matrix materials were also in-
terest as optical sensing of gaseous oxygen [47]. The advantage is the
longer life time of sensing material comparing materials where physical
immobilization is used. However the weak point is the preparation of the
sensing layer, which usually needs a multi step preparation protocol.

Large group of the optical sensors is based on supramolecular
approach, where in the sensor matrix selective towards a particular
analyte (guest) host molecule is immobilized. Among such solutions
interesting are those which use chromogenic receptors. It differs from
traditional optodes for which the most often solution is using ionophore
responsible for analyte recognition and chromophore (usually acid-base
indicator) thanks to which the optical signal is generated. One of the
advantages of such an approach is the limitation of the chemical com-
ponents of the sensing layer. Among colored metal ion receptors large
group of effective chromionophores constitute azo compounds [48,49]
and among them macrocylic azo derivatives [50,51]. Application of
well-designed macrocylic receptors discriminating metal ions according
to their size can significantly improve selectivity of optical sensors.
However the synthesis of the macrocyclic compounds is often laborious
and challenging [52-54]. Among chromogenic macrocyclic compounds
an interesting group of are molecules with two azo groups and hetero-
cyclic moiety constituting a part of macroring. Compounds of this type
have been obtained in our group in relatively facile synthetic protocols
with satisfactory yields [55-61]. The high selectivity towards metal
cations enabled using macrocyclic pyrrole derivatives as ionophores in
lead(II) selective ion-selective electrodes [56] and optodes [61].
Macrocyclic derivatives bearing imidazole moiety as a part of macro-
cycle have been also investigated as ionophores in membrane
ion-selective electrodes [59]. Some macrocyclic imidazole derivatives
were encapsulated in silica xerogel matrices and proposed as optical
chemical recognition elements [62].

Promising results obtained for optodes based on macrocyclic pyrrole
derivatives [61] have encouraged us to study the influence of the type of
heterocyclic moiety on selectivity of the chromogenic receptor layers
towards metal ions. Therefore, the aim of the work is to investigate the
properties of macrocyclic imidazole derivatives as chromoionphores and
to determine their possible use in the receptor layers of optical sensors.
New macrocyclic derivatives of imidazole and 4-methylimidazole be-
sides previously obtained were also synthetized for the purposes of this
study. Moreover, the goal of this paper is the assessment of the appli-
cation of the porous glass as solid support for chromoionophore
immobilization — as easy and non-labor and non-time consuming user
friendly optical sensors with digital color analysis used as detection
mode.

2. Experimental
2.1. Materials

All chemicals of the highest available purity were purchased from
commercial sources and used without further purification. For metal
cation complexation, lithium perchlorate (99.9%, Sigma Aldrich), so-
dium perchlorate monohydrate (>99.0%, Fluka), potassium perchlorate
(>99.0%, Sigma Aldrich), magnesium perchlorate (<100%, Alfa Aesar),
calcium perchlorate tetrahydrate (99.0%, Alfa Aesar), strontium
perchlorate trihydrate (<100%, Alfa Aesar), barium perchlorate (97.0%,
Sigma Aldrich), cobalt(II) perchlorate hexahydrate (98.0%, Sigma
Aldrich), nickel(II) perchlorate hexahydrate (>98.5%, Sigma Aldrich),
copper(Il) perchlorate hexahydrate (98.0%, Sigma Aldrich), zinc
perchlorate hexahydrate (Sigma Aldrich), cadmium perchlorate hexa-
hydrate (Alfa Aesar) and lead(II) perchlorate trihydrate (>99.0%, Sigma
Aldrich). For acid-base properties studies p-toluenesulfonic acid mono-
hydrate (pure, POCH, Gliwice, Poland), tetra-n-butylammonium hy-
droxide 30-hydrate (98%, Sigma-Aldrich, Steinhaim, Germany) were
used. Metal nitrates: sodium nitrate (>99.8%, POCH), potassium nitrate
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(>99.8%, POCH), magnesium nitrate hexahydrate (>99.0%, POCH),
calcium nitrate tetrahydrate (>99.0%, POCH), strontium nitrate
(>99.0%, POCH), barium nitrate (>99.0%, POCH), cobalt(II) nitrate
hexahydrate (>98.0%, POCH), nickel(II) nitrate hexahydrate (>98.0%,
POCH), copper(Il) nitrate trihydrate (>99.5%, Merck), zinc nitrate
hexahydrate (>98.0%, POCH), cadmium nitrate tetrahydrate (>98.0%,
POCH) and lead(Il) nitrate (>99.0%, Alfa Aesar). Porous glass (poly-
styrene modified, particle size 0.075-0.125 mm, M, ~ 120000 Corning)
was used for preparation of sensing layers. UV-Vis measurements were
carried out in acetonitrile (spectroscopic-grade, Merck). All aqueous
solutions were prepared using ultra-pure water obtained by the reverse
osmosis (RO) from Hydrolab Poland station (conductivity <1 pS/ em™ ).
For preparation of sensing layers dichloromethane (p.a. POCh) was used
as a solvent. In synthetic protocols p.a. solvents were used. TLC plates 60
RP-18 Fys4 for lipophilicity determination, TLC plates 60 Fy54 for reac-
tion progress tracing and determination of R¢ parameters and silica gel
60 (0.063-0.200 mm) for column chromatography were purchased from
Merck.

2.2. Instrumentation

'H and '3C NMR spectra were recorded on a Varian INOVA 500
spectrometer at 500 and at 125 MHz, respectively. Chemical shifts are
reported in § (ppm) units. FTIR spectra (ATR) were taken on the Nicolet
iS10 apparatus. Mass spectra (LR and HRMS EI) were taken on a Auto-
spec Premier (Waters) spectrometer. UV-Vis measurements were car-
ried out in 1 cm quartz cuvettes with the use of an UNICAM UV 300
series spectrometer. The solution pH was measured by an pH-meter CPC-
511 with glass electrode EPS-1 (ELMETRON), standardized with buffer
solutions. Portable LED light box (23 x 23 x 23 cm) was used to guar-
antee the reproducibility of the photos (PULUZ, Photography Light Box,
Shenzhen Puluz Technology Limited). The phone which camera was
used for the photos was the Apple iPhone 7 Plus.

2.3. Synthesis of macrocycles 1-4

Macrocycles 1-4 were obtained by diazocoupling of diazonium salt
with imidazole or 4-methylimidazole using synthetic protocols elabo-
rated on our group [55-60]. The procedure of the synthesis and struc-
tural characterization of newly obtained macrocycles are given in
Electronic Supplementary Information (ESI).

2.4. X-ray structure determination

Diffraction intensity data for 1, 3, 4 and 6 were collected on an IPDS
2T dual beam diffractometer (STOE & Cie GmbH, Darmstadt, Germany)
at 120.0(2) K with MoKa radiation of a microfocus X-ray source (GeniX
3D Mo High Flux, Xenocs, Sassenage, 50 kV, 1.0 mA, and A = 0.71069
R). Investigated crystals were thermostated under a nitrogen stream at
120 K using the CryoStream-800 device (Oxford CryoSystem, UK) dur-
ing the entire experiment.

Data collection and data reduction were controlled by using the X-
Area 1.75 program (STOE, 2015). Due to low absorption coefficient no
absorption correction was performed. The structures were solved using
intrinsic phasing implemented in SHELXT and refined anisotropically
using the program packages Olex2 [63] and SHELX-2015 [64]. Positions
of the C-H hydrogen atoms were calculated geometrically taking into
account isotropic temperature factors. All hydrocarbonic H-atoms were
refined as riding on their parent atoms with the usual restraints. All NH
atoms were found in the Fourier electron density map and refined with
N-H bond length constrained to 0.86(2) A.

Structure of 1 was solved in the space group P2;/c and refined
without any special treatment. Structure 3 was refined with the
assumption the electron density in the mean unit cell has higher sym-
metry than actual molecules. The mean electron density is an average of
the molecule and its mirror reflection. Thus, the asymmetric unit, being
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half of the molecule, contains N3-H3 and (C11-H11 and N4) and C9,
HO9A, HI9B atoms with occupation factor equal to '. It is worthy to add,
that initially the solution was found in polar space group Pna2;, but
PLATON finds additional symmetry, leading to the reported solution in
space group Pnma. In order to maintain numerical stability restrains of
equal ellipsoids were applied to (half occupied) atoms N4 and Cl11,
sharing the same positions.

Structure of 4 was solved in the space group P2;/c and refined
without any special treatment.

Compound 5 crystallizes in the space group I12/m (No. 12, cell choice
3 of C2/m). Cell parameters: (a, b, ¢ (10\); a, p,y(°)=7.7187 (17), 31.861
(9), 29.749 (6); 90, 94.805 (17), 90). The structure was solved, but not
refined to a satisfactory quality and therefore it was not deposited in the
Cambridge Database. Raw results indicate the asymmetric unit contains
one regular macrocycle molecule and two halves of the two other,
chemically identical, macrocycles, both having a mirror m symmetry.
Each macrocyclic molecule is accompanied with a water molecule
forming hydrogen bonding with an imidazole N-atom directed to the
ring centre.

Structure of compound 6 was solved in the space group P2;2,2; and
refined without any special treatment, but the absolute structure is un-
certain since no heavy atom is present. Crystal data and structure
refinement details for all crystal determined structures are collected in
Table 1.

2.5. Structure determination in solution
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500 Spectrometer operating at 499.795 MHz in DMSO-dg solutions in
ambient temperature. Chemical shifts are reported in § (ppm) units
using Y (residual) from DMSO-dg (2.49 ppm) as internal standard. 1D
'H NMR spectra were collected with standard parameters (45° pulse
length 3.9 ps and the delay time 1s). The 2D NMR spectra of 4 and 6
were recorded in ambient temperature. The ROESY spectrum was
collected in the phase-sensitive mode with a spectral width of 5856 Hz
and a mix time of 300 ms in a 4100 x 280 matrix with 16 accumulations
per increment in a 4K x 1K matrix. The gHSQC and gHMBC experiments
of all samples were performed with pulse field gradients. The gHSQC
spectra were acquired in the phase-sensitive mode with 'J(CH) set to
146 Hz. The spectral windows for 'H and '3C of axes were 5856 Hz and
20111 Hz, respectively. The data were collected with 64 accumulations
per increment in a 1610 x 170 matrix and processed in a 2K x 2K
matrix. The gHMBC spectra were acquired in absolute value mode with
1J(CH) set to 8 Hz. The spectral windows for 'H and *3C of axes were
5856 Hz and 23881 Hz, respectively. The data were collected with 112
accumulations per increment in a 2620 x 170 matrix and processed in a
2K x 2K matrix.

2.6. Lipophilicity (logPrrc)

The lipophilicity values of chromoionophores were determined by
TLC method [48,60,66] using reversed phase RP18-TLC chromatog-
raphy and mixture methanol:water (9:1, v/v) as a mobile phase. As
standards BBPA, DBP, DOP, DOS and NPOE were used. LogPy ¢ values
were determined by comparison of R¢ values for standards and

The NMR spectra of 4 and 6 were recorded using a Varian INOVA macrocycles.
Table 1
Crystal data and structure refinement details for all crystal structures determined.
Deposition No. 1 3 4 6
2256005 2256006 2256007 2256008
Crystal data
Chemical formula C19H18NgO02 CaoH2oNgO2 C21H2oNgO2 CaoHooNgO3
M, 362.39 376.42 390.44 392.42
Crystal system, space group Monoclinic, P2;/c Orthorhombic, Pnma Monoclinic, P2;/c Orthorhombic, P2,2;2;
Temperature (K) 120 120 120 120

a, b, c (A)

o B, v ()

V (A%

Z

Radiation type

p (mm™")

Crystal size (mm)

10.8716 (11), 7.0094 (4), 22.680 (2)

90, 91.818 (8), 90
1727.4 (3)

4

Mo Ka

0.10

0.21 x 0.18 x 0.02

6.9729 (18), 15.911 (6),

15.677 (3), 11.0103 (16), 11.4065 (19)

4.0512 (3), 16.296 (2),

16.167 (5) 27.797 (3)
90, 90, 90 90, 103.907 (13), 90 90, 90, 90
1793.7 (10) 1911.2 (5) 1835.1 (4)
4 4 4

Mo Ka Mo Ka Mo Ka
0.10 0.09 0.10

0.21 x 0.11 x 0.02

0.38 x 0.07 x 0.05

0.28 x 0.08 x 0.03

Data collection

Diffractometer

Absorption correction

Tmins Tmax

No. of measured, independent and
observed [I > 26(I)] reflections

Rim

(sin 0/Mmax A1)

STOE IPDS 2T
Multi-scan”

0.267, 0.997
13715, 3050, 2007

0.087
0.595

STOE IPDS 2T
Multi-scan”

0.444, 0.997
12590, 2506, 2008

0.035
0.691

STOE IPDS 2T

17724, 4175, 3395

0.080
0.639

STOE IPDS 2T

7259, 2994, 1924

0.100
0.580

Refinement

RI[F* > 26(F?)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (€ A7)
Absolute structure

Absolute structure parameter

0.073,0.194, 1.13

3050

248

1

H atoms treated by a mixture of
independent and constrained
refinement

0.30, —0.38

0.039, 0.104, 1.01

0.068, 0.195, 1.03

0.107, 0.277, 1.16

2506 4175 2994

130 266 264

0 1 1

H-atom parameters H atoms treated by a mixture of H-atom parameters

constrained independent and constrained constrained
refinement

0.28, —0.20 0.31, —0.35 0.34, —0.33

Refined as an inversion
twin.
0(7)

@ Multi-scan: STOE LANA, absorption correction by scaling of reflection intensities Afterwards a spherical absorption correction was performed within STOE LANA

[65].
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2.7. Metal cation complexation

Metal cation complexation studies were carried out using UV-Vis
titration in acetonitrile and the mixture of acetonitrile with water. The
stock solutions of macrocycles (~10_3 M), metal perchlorates (~1072
M), TsOH (~10"2 M), TBAOH (~102 M) nitrates (~10~2 M), were
prepared by weighting the respective quantities of them and dissolving
in the respective solvent system in volumetric flasks. The values of
binding constant (logK) were calculated with the use of OPIUM [67]
program on the basis of titration experiment data.

2.8. Sensing layers preparation

Sensing materials based on porous glass (PG-PS) with different
chromoionophore content (mg of chromoionophore per g of porous
glass) were prepared using as working solutions of chromoionophores at
a concentration of 0.1 mg/mL. Then 1.25, 2.5, 3.75 and 5 mL of solution
was diluted to 10 mL with dichloromethane and next added to 500 mg of
PG-PS to obtain sensing materials of 0.25, 0.5, 0.75 and 1 mg/g chro-
moionophore content per g of solid material. The mixture was stirred for
10 min and after that the mixture was transferred onto the Petri dish to
evaporate solvent. The properties of the receptor layers were studied
after immobilization using double-sided tape of the prepared material
on 0.9 x 4.5 cm glass plates.

2.9. Measurement procedures-digital color analysis

Pictures of sensor layers were analyzed using free software ImageJ
[68,69]. The change of optode color given as AEgpgp [48,61,70] was
calculated using the equation: AFpgg = [(Ro- R)? + (Go- G)? +
(Bo-B)?1'/2 where Ry, Go and By values correspond to color of layer in
the absence of metal salt, and R, G and B values correspond to color of
layer in the presence of metal salt. Limits of detection (LOD) for copper
(I1) and lead(II) were calculated DL = 10lBo-b): a], where o is the standard
deviation of the blank, b is intercept and a is the slope of the linear
function AEggp = f(logarithm of molar concentration of analyte).

3. Results and discussion
3.1. Synthesis and characterization of macrocycles

New azomacrocycles 1-4 (Scheme 1) were obtained in analogous
way as their oligoether analogs 5-8 [55,59]. The respective diazonium
salt obtained from diamine 12 (or 13) was diazocoupled with imidazole
or 4-methylimidazole under high dilution conditions. In this way new
17- and 18-membered crowns 1,2 and 3,4 respectively were obtained.

It can be noted that macrocyclization yield for 1-4 is slightly higher
for reactions where 4-methylimidazole was used as a substrate. Yields of
compounds 1-4 linked by hydrocarbon chain are in general lower than
for oligoether analogs 5-8. Interestingly for oligoether linked com-
pounds 5 and 7 bearing imidazole residue yields are higher than for
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macrocycles bearing 4-methylimidazole moiety. Yield of macro-
cyclization for compounds 1-8 is compared in Fig. 1. It can be stated that
macrocyles with imidazole/4-methylimidazole rings are compounds
obtained in relatively facile way with satisfactory (when regarding
macrocyclization reactions) 24-55% yields. It makes above macrocycles
promising potential metal cation complexing reagents in analytical
chemistry providing that presenting satisfactory selectivity.

The structure of all new compounds was confirmed by spectroscopic
methods: 'H and 3C NMR, HRMS and FTIR spectra (ESI Fig. S1-516).
The structure of macrocycles crystalizing in a form suitable for X-ray
analysis was confirmed in a solid state. The structure of selected mac-
rocycles was also investigated in solution using NMR spectroscopy (vide
infra).

3.2. Description of X-ray structures

Compound 1 forms red, needle — like crystals with monoclinic
symmetry. Structure of 1 was solved in the space group P2;/c and
refined without any special treatment. Crystallographic details are listed
in Table 1. The asymmetric unit contains one macrocyclic molecule.
Atom labeling scheme is shown in Fig. 2.

Imidazolic N-H group is directed to the center of the macrocycle and
does not form any hydrogen bonding in the crystalline state. The whole
molecule is twisted, which manifests in a dihedral angle between the
phenyl rings C4-C9 and C14-C19 equal to 20.2(2). The imidazole ring is
almost coplanar with phenyl C14-C19, perhaps due to stacking in-
teractions. Such an interaction with 3.858(2) A inter-centroid distance is
indeed formed between the imidazole ring and C14-C19 phenyl ring
from a neighbour molecule, generated by inversion symmetry (1-x, 2-
y,1-2).

60 s
1 |l hydrocarbon linker
504 | oligoether linker
45
w0 - 42
ar 35 35
= 304
© 24
>_
20
10
04

0 1 2 3 4 5 6 7 8

Macrocycle

Fig. 1. The comparison of macrocyclization yield for compounds 1-8. (No. of
4-methylimidazole derivatives are red underlined).

H,NNH,
OH 0= (CH,) Pd/C 0= (CH,),—
O e — G0 - O 0 —
NO, ON EtOH
9.n=4 11.n=4
10.n=5 12.n=5
n
a) NaNO,, HCI @ (CH,), D /\h
b) imidazole or Yield @ H Ij Yield [55,59]
4-methylimidazole, 1.n=4 R=H, 24% ” | N
water, pH ~11 \ r 2.n=4 R=Me, 37% N. N N 5n=1,R=H, 42%
N 3n=5R=H, 35% \§_/ 6.n=1,R=Me, 35%
R An=5R=Me 409 N 7.n=2,R=H, 55%
n=Ss, e, 40% R 8.n=2,R=Me, 45%

Scheme 1. Synthesis of macrocyclic compounds 1-4 with hydrocarbon linker and formulas of macrocycles bearing oligoether moiety 5-8.
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Fig. 2. Molecular view of 1, showing atom labeling scheme. Displacement el-
lipsoids drawn at 50% probability level. Selected bond lengths (A) and angles
(°): N3-N4 1.267(4), N5-N6 1.268(4), N1-C1 1.347(5), N1-C3 1.360(5),
N2-C1 1.323(5), N2-C2 1.381(5), C2-C3 1.373(5), N5-C1 1.408(5), N3-C3
1.392(5); valence angles: C9-01-C10 116.1(3), C14-02-C13 120.6(3),
C1-N1-C3 106.5(3), C1-N2-C2 104.2(3), C3-C2-N2 109.7(3), N4-N3-C3
111.0(3), N3-N4-C4 114.9(3); torsions C8-C9-01-C10 104.3(4),
C9-01-C10-C11 158.2(3), 01-C10-C11-C12 173.0(3), C10-C11-C12-C13
161.4(3), C11-C12-C13-02 -62.6(4), C12-C13-02-C14-179.3(3),
C13-02-C14-C19 13.6(6).

Compound 3 forms red crystals of needle habit. Its structure was
solved and refined in the orthorhombic system, space group Pnma with
four molecules in the unit cell. Structure 3 was refined making an
assumption that the electron density in the mean unit cell has higher
symmetry than actual molecules. The mean electron density is an
average of the molecule and its mirror plane reflection. Thus, the
asymmetric unit, being half of the molecule, contains N3-H3 and
(C11-H11 and N4) and C9, H9A, H9B atoms with occupation factor
equal to 4 (see Fig. 3). Dihedral angle between ring C1-C6 and its
symmetry related counterpart (by mirror plane with symmcode: (x, 3/2
-y, z)) is equal to 43.20(4)°.

Structure of 4 was solved in the space group P2;/c and refined

Fig. 3. Molecular view of 3 showing atom labeling scheme of the asymmetric
unit and the molecule. Displacement ellipsoids drawn at 50% probability level.
Atoms with repeated labels are related by the mirror symmetry (x, 3/2 - y, 2).
Selected bond lengths (A) and angles (°): N1-N2 1.2700(14), 01-C1 1.3574
(13), 01-C7 1.4382(13), N1-C2 1.4031(16), N2-C10 1.3918(17), N3-C10
1.3627(14), N4-C10 1.3409(17), N4-C11 1.404(17); valence angles: C1-O1-C7
118.16(9), 01-C7-C8 106.93(9), N2-N1-C2 116.02(10), N1-N2-C10 109.86
(10), N3-C10-N2 123.99(10), N4-C10-N2 126.74(12), N4-C10-N3 109.14
(12); torsions C6-C1-01-C7 -5.90(16), C1-01-C7-C8 177.71(9),
01-C7-C8-C9 61.59(13), C7 C8 C9 C8#1 178.46(8).
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without any special treatment. The asymmetric unit contains one
molecule and the unit cell four (Z = 4). Atom numbering scheme is
shown in Fig. 4.

Again the imidazolic NH group is not engaged in hydrogen bonding.
Bond lengths and valence angles are rather typical. The rings in the
molecule are not coplanar. Dihedral angle between rings C5-C10 and
C16-C21 equals to 26.72(12)°. Imidazole ring forms dihedral angles of
15.51(13)° with C5-C10 and 17.75(13)° with C16-C21 ring. Stacking
interactions seems to play a secondary role in crystal packing due to
large slippage of all the rings.

Compound 5 crystallizes in the space group I12/m (No. 12, cell choice
3 of C2/m). Cell parameters: (a, b, ¢ (A); a, p,y(°)=7.7187 (17), 31.861
(9), 29.749 (6); 90, 94.805 (17), 90). The structure was solved, but not
refined to a satisfactory quality and therefore it was not deposited in the
Cambridge Database. Raw results indicate the asymmetric unit contains
one regular macrocycle molecule and two halves of the two other,
chemically identical, macrocycles, both having mirror m symmetry.
Each macrocyclic molecule is accompanied with a water molecule
forming hydrogen bonding with an imidazole N-atom directed to the
ring centre.

Compound 6 also forms red needle crystals. Structure of 6 was solved
in the space group P2,2,2; and refined as the 2-component inversion
twin (basf refined to meaningless —0.04537+-7.2). Atom labeling
scheme is shown inFig. 5. Bond lengths and valence angles are not un-
usual. The imidazole N-H group is directed to the centre of the macro-
cycle but no hydrogen bonding is formed.

Etheric 02 atom is placed ca. 1 A above the common molecular
plane. The imidazole ring and C15-C20 phenyl ring are almost coplanar
(1.7(7)°) and the other C5-C10 phenyl ring is only slightly twisted
forming a dihedral angle equal to 11.2(7) ° to the imidazole ring.
Stacking interactions play a marginal role in the crystal packing since
the shortest ring inter-centroid distances are greater than 4 A (based on
PLATON results).

3.3. Structure in solution

The structure of 18-membered derivatives bearing 4-methylimida-
zole, namely compounds 4 and 6, was investigated in solution using

Fig. 4. Molecular view of 4 showing atom labeling scheme. Displacement el-
lipsoids drawn at 50% probability level. Selected bond lengths (A) and angles
(°): N3-N4 1.278(3), N5-N6 1.273(3), 01-C10 1.352(3), 01-C11 1.440(3),
N1-C1 1.345(3), N1-C3 1.365(3), N2-C1 1.331(3), N2-C2 1.371(3), C2-C3
1.386(3), C2-C4 1.491(3), N3-C3 1.374(3), N4-C5 1.403(3); valence angles:
C10-01-C11 118.68(18), C16-02-C15 117.78(16), C1-N1-C3 106.87(18),
C1-N2-C2 104.58(18), N2-C1-N1 112.70(19), N2-C2-C3 109.84(19),
N1-C3-C2 105.99(18); torsions: C5-C10-01-C11 169.6(2), C10-01-C11-C12
169.5(2), 01-C11-C12-C13 61.8(3), C11-C12-C13-C14 -175.1(2),
C12-C13-C14-C15 -178.85(19), C13-C14-C15-02 -60.5(3),
C16-02-C15-C14 -177.98(19).
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Fig. 5. Molecular view of 6 showing atom labeling scheme. Displacement el-
lipsoids drawn at 50% probability level. Selected bond lengths (A) and angles
(°): N3-N4 1.290(13), N5-N6 1.269(14), N1-C1 1.363(15), N1-C2 1.372(14),
C2-C3 1.367(17), C3-C4 1.491(17), 01-C10 1.385(14), 01-C11 1.430(12),
02-C12 1.435(12), 02-C13 1.437(12); valence angles: C10-01-C11 124.2
(10), C12-02-C13 111.9(8), C15-03-C14 119.5(8), N2-C1-N1 112.2(11),
C1-N2-C3 104.5(10), C2-C3-N2 109.4(11), C3-C2-N1 107.8(11), C1-N1-C2
106.0(11); torsions: C5-C10-01-C11 -2.4(19), C10-01-C11-C12n 175.6(9),
01-C11-C12-02 -178.6(8), C11-C12-02-C13 -85.4(11), C12-02-C13-C14
169.2(10), 02-C13-C14-03 -69.1(12), C13-C14-03-C15 -175.5(9),
C14-03-C15-C16 -4.4(16).

NMR spectroscopy to find out if the linker type affects the position of
N-H imidazole proton. The ROESY spectrum of the 4 clearly indicates
that the aromatic proton is bound to the nitrogen N1(cf. crystal structure
Fig. 6) of imidazole, setting the N-H proton inside the molecule’s
macrocyclic ring. The proton exhibits the ROE effect to the methylene
group of the aliphatic chain. If the proton was bound to the second
imidazole nitrogen (N2), then a strong cross-space correlation to the
methyl group should be observed in the ROESY spectrum.

The ROESY spectrum of 6 (Fig. S16a) does not show diagnostic ef-
fects, which could define the position of the aromatic N-H proton. Only
on the basis of the lack of interaction with the methyl group can it be
suggested that the discussed proton is also bound to the same nitrogen of
imidazole ring, like in the case 4.
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3.4. Lipophilicity

The lipophilicity of newly obtained compounds 1-4 and oligoether
analogs 5-8 with imidazole and 4-methylimidazole residues were
determined to link this parameter with their chromoionophoric prop-
erties when studied in solution and incorporated in the receptor layer.
The lipophilicity of these compounds has not been determined before.
The lipophilicity (logPric) parameters determined using reverse phase
thin layer chromatography method [48,60,66] for macrocycles 1-8 are
presented in Fig. 7 and collected in Table S1.

As expected, the logPy ¢ values obtained for compounds (1-4) with a
hydrocarbon chain are greater than those received for macrocyles (5-8)
with an oligoether linkage. However, the exception is compound 6,
which, despite having a shorter chain, has a higher lipophilicity value
than the rest of the oxygen analogs. In addition, the type of substituent in
the imidazole structure also affects the logPri¢ value - 4-methylimida-
zole derivatives are more lipophilic than macrocyles (1, 3, 5 and 7)
bearing unsubstituted imidazole.

10
I hydrocarbon linker
8- I oligoether linker
6 -
o
F
o
g s
2

1 2 3 4 5 6 7 8

Macrocycle

Fig. 7. Comparison of lipophilicity parameter (logPrc) for macrocycles 1-8.

aromatic
protons

F1 (ppm)

F2 (ppm)

Fig. 6. ROESY spectrum of 4 in DMSO-de.
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3.5. Acid base-properties of novel macrocycles 1-4

Color properties of macrocyclic compound 1-8 are affected by the
presence of the methyl group in the imidazole ring. In general 4-methyl-
imidazole derivatives have deeper colors both in acetonitrile and its
mixture with water.

The acid-base properties of the newly obtained compounds 1-4 were
tested in acetonitrile and in a mixture of acetonitrile:water (9:1, v/v). In
all cases, more or less intense changes in the color of solutions are
observable, both in the presence of p-toluenesulfonic acid (TsOH) and
tetra-n-butylammonium hydroxide (TBAOH) (Fig. S17). In the case of
compounds 2-4, the addition of water to acetonitrile causes a partial or
complete color withdrawal to the color corresponding to macrocyclic
compounds in acetonitrile. Only for compound 1 a color change from
orange to yellow is maintained in the presence of p-toluenesulfonic acid
in a solution of acetonitrile:water 9:1 (v/v). Color changes caused by the
pH alteration are relatively more distinct for oligoether bearing mac-
rocycles 5-8. The observed color changes can be explained by the course
of absorption spectra registered in the presence of p-toluenesulfonic
acid. It is exemplified by absorption spectra registered for spectropho-
tometric titration of compounds 1-4 with TsOH in acetonitrile
(Fig. S18). The presence of acid is manifested by the increase of the
intensity of the absorption bands below 450 nm. The main absorption
band corresponding to protonated form is slightly red shifted, however it
largely overlaps the main absorption band. In Fig. S19 spectral changes
upon titration of compounds 1-4 with TBAOH in acetonitrile are pre-
sented. Bands corresponding to deprotonated forms of macrocycles are
observed at ~510 nm (for 1 and 3) and ~540 nm (for 2 and 4). It ex-
plains more significant color changes of solutions from orange to purple
of compounds 2 and 4 and only a deepening of the color in the case of
solutions of compounds 1 and 3. In Table S2 UV-Vis spectral charac-
terization of compounds 1-4 in acetonitrile is presented.

Color properties of macrocyclic compound 1-8 are affected by the
presence of the methyl group in the imidazole ring. In general 4-methyl-
imidazole derivatives have deeper colors both in acetonitrile and its
mixture with water than imidazole bearing macrocycles. When
comparing the position of the longwave absorption maximum (Fig. 8) in
acetonitrile for 4-methylimidazole derivatives and imidazole ones it is
well seen that the last absorbs at lower wavelengths. Comparing the
position of absorption bands it can be concluded that excitation energy
for 4-methylimidazole derivatives is lower. The electronic effect of the
methyl group can contribute to this phenomena. However one of the
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Fig. 8. Comparison of the position of the longwave absorption bands of mac-
rocycles 1-4 in acetonitrile (No. of 4-methylimidazole derivatives are
red underlined).
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factors which affect the absorption of light is geometry of the molecule.
If a molecule is planar then the energy of excitation is lower and as a
result the absorption maximum is bathochromically shifted when
comparing molecules of similar type, but of disordered planarity. This
can find confirmation in comparison of crystal structures of molecules 3
and 4 (having in mind that the direct comparison cannot be done,
because of the different chemical environment of the molecule in a solid
state and in solution). Molecule of compound 4 is more planar than the
molecule of macrocycle 3. And probably thus 4-metyhlimidazole
macrocyclic azoderivatives have deeper colors.

3.6. Metal cation complexation of in solution

The first step of the study of chromoionophic properties of com-
pounds 1-8 included the investigation of color changes of solutions in
the presence of metal salts. In Fig. S20 color of the solutions of com-
pounds 1-4 (qualitative tests carried out as an addition to the solution of
the macrocyclic compound of excess salt in solid form) in the presence of
alkali and alkaline earth metal perchlorates. The presence of the above
metal perchlorates has no significant effect on the color of solutions of
compounds 1-4 with hydrocarbon linker in acetonitrile and acetonitrile:
water (9:1, v/v) solvent system. On the other hand, the color of solutions
of oligoether derivatives 5-8 is affected by the presence of alkali and
alkaline earth metal perchlorates. Color changes from orange to yellow.
The different affinity of compounds 1-4 and 5-8 to alkali and alkaline
earth metal cations can be explained on the basis of the hard and soft
acid and bases theory. Alkali and alkaline earth metal cations are hard
acids interacting with hard bases. Oxygen atoms act as hard donor
centers in oligoether moiety. Macrocycles 5-8 are richer in coordination
oxygen atoms, thus their affinity towards hard metal cations is higher.
The presence of water - acting as a competitive ligand - causes a partial
or complete return to the color corresponding to the original color of the
macrocycle solution, which is an effect of high hydratation energies of
alkali and alkaline earth metal cations in water.

Besides oxygen coordination centers in investigated macrocycles
nitrogen atom(s) of azo group(s) and imidazole residue can also serve as
donor atoms in metal complexation. Nitrogen is softer than oxygen
donor thus the complex formation with softer metal cation can be
obviously expected. The results of quantitative tests for selected heavy
metal perchlorates are presented in Fig. 9. The presence of heavy metal
perchlorates affects the color of solutions of both groups of investigated
macrocycles: hydrocarbon 1-4 and oligoether linked 5-8. Solutions of
1-4 change color from orange/red to red/purple in the presence of lead
(II) perchlorate. The presence of water causes an increase of color in-
tensity in the presence of copper(II) and lead(II) perchlorates and a color
withdrawal to the initial color of the solution in the presence of zinc(II)
and cadmium(II) ions. The exception is the solution of 1, for which color
changes from orange to yellow in the presence of cadmium(Il) in
acetonitrile and its mixture with water. Unfortunately this selective
color change is observable only when a high excess of cadmium(II)
perchlorate is used. This limits the potential applications of macrocycle
1 as cadmium selective probe in real e.g. environmental samples.

Among oligoether derivatives 5-8 a solution of 5 shows the less
distinct color changes caused by the presence of heavy metal perchlo-
rates. Only a slight color change is observed in the presence of zinc(II)
and lead(Il) perchlorates in acetonitrile:water mixture (9:1, v/v). The
solutions of compounds 6 and 8 change color from orange to purple in
the presence of copper(II) and lead(II) perchlorates in acetonitrile and
for 6 color change is still observable in water containing the solvent
system. Solution of compound 7 changes color in the presence of copper
(II) salt from orange to red in acetonitrile and to purple in a mixture of
acetonitrile:water (9:1, v/v). In the mixture with water, a change in
color is observed in the presence of nickel(II) and zinc(II) perchlorates
for solutions of compounds 7 and 8.

On the basis of the qualitative research, it can be assumed that the
compounds 1-4 with a hydrocarbon chain present promising heavy


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

B. Galinski et al.
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b) co Nicuzn cd Pb

Fig. 9. Color changes of macrocyclic compounds 1-8 in the presence of
selected heavy metal perchlorates in a) acetonitrile and b) acetonitrile:water
(9:1,v/v) solutions.

metal receptors in water containing solvent system. The greater selec-
tivity towards heavy metal ions compared to oligoether analogs 5-8 can
be explained by the reduction in the number of hard coordination cen-
ters in the molecule.

3.6.1. Lead(Il) complexes

Observing the color changes in qualitative tests for macrocycles 1-8
heavy metal cation complexation was investigated by UV-Vis absorp-
tion spectrophotometry in acetonitrile and acetonitrile:water (9:1, v/v)
solvent system. Changes in the absorption spectra of solutions of com-
pounds 1-4 and 5-8 during titration with lead(II) perchlorate in
acetonitrile are shown in Fig. S21 and Fig. S22 respectively. Complex
formation with lead(II) is connected with formation of a new absorption
band. However, absorption bands of macrocycles and their complexes
are poorly separated, thus only a slight change in color upon complex-
ation is observable. Spectral changes are more distinct for 1-4 than for
5-8 titration experiments. In a mixed solvent system - acetonitrile:water
(9:1, v/v) — band separation for 3 and 4 and their complexes is ca. 50 nm
(Fig. 10). In case of compounds 1 and 2 upon spectrophotometric
titration a wide band of the complex is formed in the range of 530-650
nm and 560-690 nm, respectively.

Spectral changes upon UV-Vis titration of 5-8 with lead(Il)
perchlorate in acetonitrile:water (9:1, v/v) are shown in Fig. 11. Spectral
shift between the absorption band of macrocycle and its complex with

Dyes and Pigments 219 (2023) 111610

lead(Il) is ca. 50 nm for 5 and 6. Complex band is well pronounced. For 7
and 8 spectral shifts are also observed, however the complex absorption
bands are less developed.

On the basis of Job’s plots [71], it can be concluded that complex of
3:2 (ligand:cation) stoichiometry is formed in the systems 1-Pb(II), 2-Pb
(I1), 3-Pb(II) and 4-Pb(II), both in acetonitrile and in the mixture with
water (Fig. S23 and Fig. 524, respectively). Stoichiometry of 3:2 (crown:
Pb(I)) in acetonitrile was earlier confirmed for pyrrole bearing macro-
cycles [60], so a similar mode, namely triple-decker sandwich type
complex, can be also proposed for imidazole derivatives. Stability con-
stant values (logK) of the complexes of 1-8 with lead(II), calculated from
titration data using the OPIUM program [67] are presented in Fig. 12
and summarized in Table S3.

In acetonitrile, the highest values of stability constant (logK) have
lead(II) complexes of 21-membered crowns 7-8, 19.66 + 0.10 and
20.16 + 0.12, respectively. Macrocycles of 17- and 18-membered rings
form complexes of lower and comparable values of stability constants
(log K ~18), independent of the type of linker (hydrocarbon/oli-
goether). However, the lowest value, 17.24 was found for the lead(II)
complex of macrocycle 5. The value of the stability constant of lead(II)
complexes is influenced by the size of the macroring, which defines the
size of the molecular cavity. 21-membered crowns form stronger com-
plexes with lead(II) than 17- and-18 membered macrocycles. Similar
trend in stability constant values was found for pyrrole bearing macro-
cycles [60]. Moreover, lead(II) complexes formed by macrocyclic com-
pounds bearing 4-methylimidazole residue (2, 4, 6 and 8) are
characterized by higher values of stability constants compared to their
imidazole analogs. It can be another confirmation of the effect of the
methyl substituent in heterocyclic ring on the geometry of the molecule.
When a molecule is more planar the accessibility of binding sites is
better and ion is bound more efficiently. The trend of stability constant
values of lead(II) complexes is similar in acetonitrile:water (9:1,v/v).
Not surprisingly in mixed solvent system stability constant values are
lower than in acetonitrile.

3.6.2. Copper(Il) recognition in solution

Due to color changes observed during qualitative tests in the pres-
ence of copper(Il) perchlorate, for compounds 1-4 spectroscopic titra-
tion with copper(Il) perchlorate was carried out in acetonitrile and the
mixture of this solvent with water (Fig. S25 and Fig. S26). The registered
spectra are characterized with an increase of band intensity in the
310-450 nm wavelength range and the formation of a broad bath-
ochromically shifted band A = 550-650 nm. The changes, similar to the
spectral changes observed in the presence of TsOH, are not spectacular.
On the basis of titration experiments the determination of a reliable
value of stability constant for copper(II) complexes was not possible.

3.7. Metal ion recognition in receptor layers

3.7.1. Preliminary studies

Macrocycles 1-8 were tested as lead(II) and copper(I) receptors
upon immobilization in a solid matrix. For current studies porous glass
(PG-PS) was used. In preliminary studies the content of chromoiono-
phore in solid material was established as 0.5 mg per g of porous glass.

Materials with compounds 1 and 2 have shown no color change in
the presence of copper(II) and lead(Il) nitrates. In Fig. 13 color changes
(photos were taken using Smartphone camera) of sensors with chro-
moionophores 3-8 after contact with solutions of different concentra-
tions of copper(Il) or lead(Il) nitrate are presented. Observable color
changes, which can be traced by "the naked eye" were found to more or
less degree for all sensors. However, in the case of materials with
chromoionophores 4, 6 and 8 the observed color changes were more
distinct than for sensors with compounds 3, 5 and 7. Color changes were
from the orange/red to violet/blue depending on the macrocycle and the
metal nitrate. More significant color change was observed for lead(II)
nitrate then for copper(Il).
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Fig. 10. Changes in absorption spectra of 1-4 during spectrophotometric titration with lead(II) perchlorate in acetonitrile:water (9:1, v/v) mixture: a) 1 (¢; = 4.97 x
107> M) (cpp = 0-6.97 x 107> M); b) 2 (¢ = 4.96 x 10~> M) (cpp = 0-8.03 x 107> M); ¢) 3 (c3 = 5.09 x 105 M) (cpp = 0-1.97 x 10°*M); d) 4 (c4 = 4.91 x 107 °M)

(cpp = 0-2.43 x 10~* M).
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Fig. 11. Changes in absorption spectra of 5-8 during spectrophotometric titration with lead(II) perchlorate in acetonitrile:water (9:1, v/v) mixture: a) 5 (c5 = 4.97 x
1075 M) (cpp = 0-7.11 x 107> M); b) 6 (cs = 4.99 x 107> M) (cpp = 0-7.58 x 107> M); ¢) 7 (c7 = 4.90 x 107> M) (cpp, = 0-9.46 x 107> M); d) 8 (¢ = 5.00 x 107> M)

(cpp = 0-8.52 x 107> M).

3.7.2. PG-PS sensor layers — the effect of amount of chromoionophore
The amount of chromoionophore can affect the color response to-
wards analytes. Thus to optimize the amount of chromoionophore,
sensor materials with different quantities (0.25, 0.50, 0.75 and 1.00 mg/
g) of macrocycles 3-8 were prepared. The color response towards the
presence of copper(Il) and lead(Il) nitrates is shown in Fig. 14 taking the
material with immobilized macrocycle 6 as an example. The lowest

amount of chromoionophore, namely 0.25 mg/g, seems to be not suf-
ficient to observe significant color changes. This can be an effect of the
insufficient amount of chromoionophore for complex formation. On the
other hand, the use of higher amounts, 0.75 and 1.00 mg/g, results in
material which gives no color change - red sensor material changes the
hue of the color in the presence of copper(Il) and lead(II) nitrates. The
higher concentration of chromoionophore can affect its organization in


http://mostwiedzy.pl

/\___/__\> MOST WIEDZY Downloaded from mostwiedzy.pl

A

B. Galinski et al.

Il acetonitrile
20 - | acetonitrile:water (9:1)

log K

Macrocycle

Fig. 12. Comparison of stability constants (logK) of 3:2 (crown:Pb(I)) com-
plexes of macrocycles 1-8 (4-methylimidazole derivatives are red underlined)
in acetonitrile and acetonitrile:water (9:1, v/v) solvent system.

Cu(NO3), Pb(NO3),
0 107 106 105 104 103 0 107 106 105 104 103

Fig. 13. Color changes of sensor layers with compounds 3-8 (0.5 mg/g) in
solutions of different concentrations [M] of copper(Il) or lead(Il) nitrate.

solid material which makes complex formation not fully effective. On
the basis of above, the amount of 0.5 mg/g seems to be optimal when
considering the color response of sensing material. Thus materials
containing this amount of chromoionophores were used in further
studies.

3.7.3. Response time
Response time is one of the important factors when considering the

Dyes and Pigments 219 (2023) 111610

Cu(NO;), Pb(NO3),

0 107 106 105 10* 103 0 107 10 105 104 107

Fig. 14. Color changes of sensor layers with compound 6 - used in different
amounts (mg/g) - after contact with solutions of different concentrations [M] of
copper(I) or lead(II) nitrates.

applicability of receptor layers as sensor material. To determine the
response time, experiments where sensor layers were immersed in so-
lution copper(II) of lead(Il) nitrate (10’4 M or 10~° M) with contact time
up to 10 min were carried out. As a response, the change of the AErgp
parameter as a function of time needed for constant optical signal setting
up was taken. The sensors were found to reach 95% of the final signal
(tgs) within 3 min for materials with compound 3-6 and 4 min for with
macrocyles 7 and 8 (Fig. 15)

3.7.4. Interfering ions

The response of prepared sensor layers towards copper(II)/lead(Il)
was investigated in the presence of several interfering metal nitrates:
sodium, potassium, calcium, magnesium, strontium, barium, nickel(II),
copper(Il), zinc(I) and lead(Il) at fixed pH 6. In Fig. 16 the influence of
addition of 10-fold molar excess of interfering ion salt on the color
change AEggg of sensor material immersed in 10~4 M solution of copper
(II) or lead(Il) nitrate is shown. From Fig. 16 it can be concluded that
during the detection/determination of lead(II), significant color changes
are observed for copper(Il), and when copper(Il) is the main analyte,
lead(II) must be considered as the most interfering cation.

3.7.5. Linear response

Linear response range, defined as the change of AEggg vs. copper(Il)
or lead(II) concentration was determined for sensor layers with macro-
cycles 3-8. In Fig. S27 the dependence of color change (AEgrgp) Vs.
concentration of copper(II) for materials with compounds 3-8 is shown.
The linear response of sensor layers (Table S4) with compounds 4-8
toward copper(Il) are in range 1.0 x 107% - 1.0 x 103 M, only for
sensor with chromoionophore 3 have narrower range 1.0 x 107> -1.0 x
1073 M. The lowest LOD 4.09 x 10~/ M was obtained for a sensor with
compound 7.

All linear response ranges for lead(II) for materials with macrocycles
3-8 are collected in Table S5 and curves are shown in Fig. 528. The
narrower range of linear response 1.0 x 10> - 1.0 x 10> M was ob-
tained for sensor material with compound 3. The rest of investigated
materials are characterized by a linear response range within 1.0 x 105
~1.0 x 10~ M with the lowest LOD = 2.84 x 10~/ M for optical sensor
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Fig. 15. The color change (AEggg) of sensor layers with chromoionophores 3-8 upon immersion in metal nitrates: a) copper(II) 107* M, b) copper(Il) 107> M, ¢) lead

(I) 10~* M and d) lead(II) 10~> M over time.
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Fig. 16. Interferences of several metal cations (used in 10-fold molar excess), to color change (AEggp) of sensing layers with chromoionophores (0.5 mg/g) 3-8

towards: a) copper(II) and b) lead(Il) nitrate at pH 6.

containing crown 6.

The weaker point of the proposed optical sensors is their inability to
be regenerated. While the color of the sensor used to detect copper(Il) or
lead(Il) returns to its original color after immersion in an acid solution
(0.1 M nitric acid), repeated placement in a salt solution does not
generate a color change. Therefore, these sensors should be considered
as single-use materials.

3.7.6. Applications for real samples analysis

The possibility of application of the proposed sensor layers was
assessed on three samples of spiked tap water from different regions of
northern Poland. All measurements were done at pH 6.0. Comparison of
the recovery results obtained for materials with chromoionophores 3-8
upon immersion of the sensor layer in samples with added copper(II)
solution of different concentrations is collected in Table S6. The re-
coveries are at least about 97.13-104.40% (n = 3) for colorimetric
detection (AEggp) for copper(I) concentrations in range from 1.0 x
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10°Mto1.0 x 1074 M. Analogous tests were carried out for lead(Il) at
the same concentration range. In this case recoveries were within
97.81-103.95% (n = 3) — Table S7.

3.7.7. Comparison with the other reported sensing materials

In Table 2 the properties of selected lead(Il) and copper(II) selective
sensing materials obtained in recent years and described in literature are
listed for comparison with the materials obtained in this work.

From Table 2 it can be concluded that materials based on commercial
porous glass obtained by us have more or less comparable properties to
solutions described in literature. In comparison with other sensors
which are based on silica materials, which use mostly covalently bonded
sensing molecules, the main advantage of proposed materials is their
facile preparation. Compared with classical optodes the proposed ma-
terials are prepared with a limited number of components. Thus the
usage of chemicals in such an approach is minimized. The application of
colorimetric detection with widely used mobile devices makes the
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Table 2
Comparison of obtained sensing materials with already existing ones.
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Copper (II) sensing materials

Chromoionophore Support Method Response time [min] Linear response [M] LOD [M] Reference
HIBIN® Sol-gel Absorbance 2 91x10%-1.1x10° 1.8 x 1078 [72]
Schiff base Sol-gel Absorbance 2 85x10%-1.0 x107° 1.5 x 1078 [731
HQDB" Hybrid Monolith Absorbance 2 47x10°-1.6x10°° 7.1 x107° [74]
TPDP¢ Mesoporous Silica Absorbance 60-300 32x10%-1.6 x107° 4.4 x107° [75]
Hydroxyazocompound CTA Absorbance 3 54x10%-25x10"° 7.2x1078 [48]
Colorimetric 43x107-25x10"° 4.1 x1077

7 PG-PS Colorimetric 4 1.0 x 107°-1.0 x 1073 41 x1077 This work
Lead(II) sensing materials

Chromoionophore Support Method Response time [min] Linear response [M] LOD [M] Reference
DPDB? Mesoporous Silica Absorbance 40-180 1.5x 10" -7.8x 1077 8.7 x 1071 [76]
DPAP® Mesoporous Silica Absorbance 5-15 24x10%-97x1077 5.0 x 107° [771
Dithizone Chitosan-Silica Absorbance 3 9.7 x1077-53x107° 5.3 x 1077 [78]
HMBA' Silica Monolith Absorbance 30-180 9.7 x10712-7.8 x 1077 2.0 x 107° [79]
Diazocrown CTA Absorbance 7 81x10%-22x10"° 1.2 x 1078 [61]

Colorimetric 7.8x107-21x107* 8.6 x 1077
6 PG-PS Colorimetric 3 1.0 x 107°-1.0 x 1072 2.8 x 1077 This work

# N'-(2-hydroxy-5-iodobenzylidene)isonicotinohydrazide

b 4-hexyl-6-(quinolin-8-yldiazenyl)benzene-1,3-diol.

¢ 4-tert-octyl-4-((phenyl)diazenyl)phenol.

d 4-dodecyl-6-((4-(hexyloxy)phenyl)diazenyl)benzene-1,3-diol.
¢ 4-dodecyl-6-(2-pyridylazo)-phenol.

f 6-((2-(2-hydroxy-1-naphthoyl)hydrazono)methyl)benzoic acid.

sophisticated measurement equipment almost no needed.
4. Conclusions

New chromogenic macrocycles containing a hydrocarbon linker and
imidazole or 4-methylimidazole were obtained. Synthetic protocol en-
ables the preparation of the macrocycles with satisfactory yields. The
properties of the newly obtained macrocycles were compared with
macrocycles linked via an oligoether bond. The effect of the type of
heterocyclic residue and the type of linker is seen in color properties
(deeper colors of 4-methylimidazole derivatives) and in metal cation
affinity. The last is affected by the chemical environment, namely
acetonitrile or acetonitrile:water mixture or hydrophilic solid support —
porous glass. After physical immobilization of the macrocycles on
porous glass, a selective color change was observed as an analytical
response to the presence of heavy metal cations, namely lead(II) and
copper(I). Promising properties, among investigated materials, have
sensors based on crowns with oligoether moiety. Among them are an 18-
membered crown with 4-methylimidazole (6) as lead(II) and 21-
membered crown (7) with imidazole residue as copper(Il)
chromoionophore.

The optical sensors obtained by us, compared to many solutions
proposed in the literature, are materials with an extremely simple
composition: only chromophore and porous glass - which is one of the
advantages of the proposed solution. And in conjunction with the fact
that macrocyclic chromoionophores are relatively easy to prepare, our
proposed approach, although imperfect, seems promising for further
research and development of optical sensors. Another possible applica-
tion of the proposed system, which is out of scope of this article, is the
possibility of usage of the materials for detection and capturing of heavy
metals from wastewater.
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